INTRODUCTION
It is well known from low-temperature experiments that the radicals .. observed at room temperature in irradiated solid biological substances are the result of a sequence of events started-by the initial absorption of radiation energy ( 1 -4). It is therefore reasonable to expect that the types and yields of these "secondary radicals" will be influenced by the local distribution of the energy absorption as well as by the temperature at which the secondary reactions proceed.
In almost all ESR work so far presented, radiations with low 60 The efficiency of different types of radiation in producing biological damage has been studied for several different systems covering a large range in LET (7 -11) . In simple systems like enzymes, for which the loss of enzyrhatic activity was the measured parameter, Brustad {9, 12) found that the yield was almost independent of the stopping power up to which seem to require more than one absorption event in the actual target, more complicated dependence of yield upon stopping power has been reported (9) . This paper studies the production of secondary radicals in some biologically important molecules irradiated with fast heavy ions. The compounds include simple amino acids, peptides, enzymes, and nucleic acid components. These studies have a twofold purpose. In the first place, we want to extend the earlier studies on the formation of radicals in solid biological compounds to radiation covering a much broader range of stopping power than previously used. Secondly, it is hoped that these ; experiments, in which the production of radicals is correlated with the loss of enzymatic activity, may shed some light on the mechanisms for radiation damage.
EXPERIMENTAL PROCEDURE The Spectrometer
The spectrometer used is of the Varian type (4500 series) with variable-temperature cavity., 100-kc/sec modulation frequency, and 9 -in. magnet. The ESR signal can be fed directly into an integrator,.
and it is possible to record both the derivative and the .integrated spectra.
The number of ESR centers in the sample was obtained from the -· integrated spectra by comparison with reference samples measured under the same conditions. As reference substance ordinary anthracite carbon powder, calibrated against DPPH, was used. holders covered with a thin aluminum foil (1 mg/cm 2 ), in the,presence of air, at room temperature. Immediately after the exposure the. samples were brought to liquid nitrogen temperature, transferred to glass sample tubes, evacuated, and stored at liquid nitrogen temperature until they were measured at room temperature.
The Radiation Sources
The samples were irradiated with 6.5-MeV electrons from an electron accelerator and heavy ions frorn the Berkeley heavy-ion l'inear accelerator (Hilac). With the Hilac, ions up to atomic number 18 can be accelerated to an energy ?f 10.4 MeV per nucleon. In these studies beams of helium, lithium, boron, carbon, oxygen, flourine, neon, silicon, and argon ions were used. Before hitting the sample, the particles penetrate some thin aluminum foils which serve to strip the ions and scatter the beam in order to get a homogeneous radiation field.
Dosimetry
The electron dose was measured by the coloring of Co glass. This system was calibrated against a Fricke dosimeter. The total dose was . 6 kept in the range 1 to 2 X 10 rad.
The dosimetry of the heavy io~s was performed as previously described by Brustad et al. (13) , by measuring the total charge collected by an external Faraday cup. The dose (D) given in rads is then obtained from the formula D = 1. 6 where N 0 is the observed number of ESR centers in the sample, w 1 is the weight of the irradiated sample, w 2 is the weight of the measured . sample (i.e., w 2 /w 1 is the fraction of .the irradiated sample that w.as measured), and R is again the range of the bombarding particle given in RESULTS.
Types of RadTeals
Owing to experimental difficulties we have so far not been able to· study the initial.ESR centers. Thus., when the samples were measured' 1,.
for the first !tbe they had been at room temperature for 20 minutes., and ; the secondar">1 reactions had therefore taken place to a greater or lesser \ extent, The present study on polycrystalline samples seems to indicate that the types of secondary radicals are independent of the stopping power of the radiation. Slow secondary reactions also take place in irradiated proteins (4).
Thus, the formation of sulfur radicals is a relatively slow process even at room temperature. Small qualitative changes with changing stopping power were also observed for trypsin. When this compound was measured the first time after exposure it was found that the fraction of the resonance due to sulfur radicals decreased with increasing stopping power. The variation was small; however, and the qualitative differences disappeared with time.
Quantitative Results The results for glycine in Fig. 3 show that the yield as a function of the stopping power· also depends upon the irradiation temperature.
Thus, the variation in yield becomes smaller with decreasing tempera:-ture. This seems to be a general observation, and similar results were observed for the enzymes trypsin and lysozyme {16). It is of interest to note· that Brustad has reported a similar effect of the irr9-diation temperature on the loss of enzymatic a,ctivity of trypsin (12).
It follows from the curves presented in Figs • /". '.1. . in the protein;:backbone, probably at glycine residues (18). As mentioned above, very s'mall qualitative changes in the trypsin spectrum with the '(; \!' --changing stopping power were found. This implies that for either of the two types of radicals the same good correlation exists between the· number of radicals and the inactivation.
A parameter indicating the variation in the radio.sensitivity can be obtained by taking the ratio of the yields for the flat portion of the .curves presented above to those observed for argon ions (with stopping power of 4 -1·: . 2 about 1.6X10 MeV g.: . · · em ). In Table I it can be noticed that the slopes for all curves are less than 1.0. From this set of dose -effect curves two observations can be made: 1. The curves reach different saturation levels. The maximum number of radicals that can be trapped in solid glycine seems to decrease with increasing stopping power of the radiation. 2 . The dose~effect curves passes through a maximum and goes down ' .. again for dos~s above 6 to 8X10 7 rad. This observation is similar to" that previousLy reported by Rotblat and Simmons(19) , who used 15-MeV
electrons and found that the radical concentration decreased for doses 7 above 5X10 rad. They assert that they have proved that this decrease was due to thermal annealing from the high dose rate used. The radical decay in all solid substances, including glycine, increases at elevated tempera~ures, but in the experiments reported here the average sample temperature never reached such high valu'es that thermal annealing alone can explaili. the large decrease in radical concentration (about a factor of 3).
A more reasonable explanation is to assume that there is only a limited number of trapping sites,· and that the radiation, in addition to producing radicals (that can be trapped at these sites), also destroys trapping sites.
!
The different saturation levels in Fig. 5 can be explained by this latter process i£ it depends upon the stopping power~ Since the curves in Fig. 5 are not parallel it is evident that the results given in Table I It would be of interest ·to arrive at a model for the production of radicals by these densely ionizing particles. The goal would be to construct an expected curve, for the concentration of radicals in the track ·versus-the stopping power, which can be compared with the experimental data in Fig. 7 . In the following an attempt is made to construct such a : model. The numbe·r of secondary radicals trapped along the track of a bombarding parti_d_e-ts assumed to be the sum of those produced by the I energy deposited in the track core and those produced by the o rays out-
. side the core. When the stopping power of the bombarding particle increases the radical density increases and the saturation level is reached, with the result that the curve for yield versus stopping power starts to go down (as in Figs. 2, 3 , and 4). The saturation level is first reached in the track core and then gradually also outside the core. Consequently, an increasing region around the center of the track is saturated with radicals, and only that portion of the o-ray energy dissipated outside this region is available for additional radical production. It is reasonable to assume that, to a first approximation, the extra energy deposited in the saturated region is used to sustain a steady-state concentration of radicals. However because of an increase of the "temperature'' in the track core, there is the pas sibility mentioned above that the radiation also destroys trapping sites, with the result that the rad~cal density in · the track cor;~, decreases with increasing stopping power. It would therefore be or· considerable interest to obtain dose -effect curves for radiations with different stopping power for other compounds than glycine.
p
. 1'-14-If, .for example, the concentration of radicals in the track core varies with the radiation we would expect t~at different saturation levels would be reached, as for glycine.
Based on this qualitative model with a s.aturated region in the center of the track which increases with the stopping powe;t" 1 we can work out an expected curve for the radical concentration along the track.
This calculation uses the 6-ray spectra'· presented by Brustad . (9) .maximum that can be utilized for the production of secondary radicals.
The next step is to calculate the total stopping power for which the 6-ray . energy reaches this maximum LET deh?ity in the first layer outside the track core {the thicknes.s of the layers should be infinitesimal, but in
these calculations a thickness of 5 A has been used), and then in the sub.;; sequent layers further out. This calculation necessitates knowledge about the following parameters:
(a) The maximum LET dens_ity that can be fully utilized to produce secondary ·radicals. From these experiments we assume thqt this value is equal to that attained in the track core o£ helium ions.
(b) The distribution of the 6-ray energy and its deposition outside the·
. track core. ,
The ma~imum LET density can be calculated as follows. Approximately 54% of; the total energy of the helium ion is dissipated in the track core where the initial ESR centers are produced. These radicals then .· ,,
... of infectivity of T1 bacteriophage. The total variation in the radical yield within the LET range studied is, for the different substances, by a factor of from 2 to about 5. For the enzyme trypsin a surprisingly good correlation between the production of secondary radicals and the loss of enzyrn:e activity was observed (Fig. 4) .
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.,. From these data and from the inactivation data reported. ,by These authors use the density and distribution of the primary ionizations along the track of the ionizing particle as the basis for the bi9logical end . relative value,s are more reliable than the absolute determinations. :p:'ig. 6 . Qualitative changes in the polycrystalline glycine spectrum with increasing doses of helium, carbon, and argon ions. Fig. 7 . The density of radicals along the track of a· bombarding particle as a function of the stopping power. The data were calculated by assuming that the ionizing particle penetrates 1 gram spread out over an area· of 1 cm 2 with uniform stopping power along the track. -25- ... 
